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DoD Award: W81XWH-17-2-0003

INTRODUCTION:
Staphylococcus aureus is a Gram-positive commensal bacterium that colonizes the anterior nares of

approximately 30% of the human population. S. aureus is the most prevalent pathogen isolated from skin
and soft tissue infections, is a leading cause of food borne illness, and is the leading cause of infectious
endocarditis and hospital-acquired infections in the United States. In keeping with this, S. aureus is a
tremendous threat to our Armed Forces. Post-traumatic infections are a source of considerable morbidity
to Service Members and U.S. Veterans. S. aureus and other Gram-positive bacteria are some of the most
common organisms causing post-traumatic infections in Service members. Unfortunately, rapid acquisition
of antibiotic resistance compromises effective antimicrobial therapy. It is therefore imperative to develop
new therapies for post-traumatic infection that are effective against antibiotic-resistant S. aureus. The
objective of this proposal is to develop new photoactivatable antibiotics for the treatment of S. aureus
infections. One promising area of research focuses on S. aureus heme synthesis, which is vital to S. aureus
survival within the host. Studies proposed in this application will lead to the design of molecules that
disrupt heme homeostasis and inhibit staphylococcal disease as well as diseases caused by a variety of other
important infectious threats.

KEYWORDS:
e Gram-positive bacteria
e Antibiotic

e Photosensitization

o Coproporphyrinogen oxidase (CgoX, formally known as HemY)
e Heme biosynthesis

e Pathogenesis

e Antimicrobial photodynamic therapy

e  Skin infection model

ACCOMPLISHMENTS:

What were the major goals of the project?

Specific Aim 1: Synthesize and test analogs of ‘882 for Timeline Site 1: Site 2:
CgoX activating potential.
Major Task 1: Synthesize ‘882 analogs Months | Vanderbilt University Medical WRAIR
Center (VUMC); Vanderbilt
University (VU)
Subtask 1: Work with VU Chemical Synthesis Core to create 1-24 Dr. Skaar (VUMC) Dr. Sciotti
molecular analogs based on the ‘882 scaffold. Collaborate with Dr. Dr. Sulikowski(VU)




Sciotti (WRAIR) to ensure VU synthetic chemistry efforts are

complimentary with the Army research team.

Milestone(s) Achieved: Synthesize approximately 150 ‘882 analogs.
Approximately 100 compounds will be synthesized by Vanderbilt

team and approximately 50 compounds will be synthesized by the

29 882 analogs have been

synthesized

16 ‘882 analogs have

been synthesized

WRAIR team.

Major Task 2: Determine the activity of ‘882 analogs Months VUMC WRAIR

against live Staphylococcus aureus

Subtask 1: Test all ‘882 analogs for hrtAB activating potential 12-24 Dr. Skaar (VUMC): 31 of the 45
‘882 analogs have been tested

Subtask 2: Test the ability of ‘882 analogs to increase coproporphyrin 12-24 These experiments have not yet

production in S. aureus begun.

Subtask 3: Test the ability of ‘882 analogs to activate CgoX enzymes 12-24 These experiments have not yet

from diverse CARB priority pathogens in vitro. Test ‘882 analogs begun.

against human protoporphyrin oxidase to ensure specificity against

bacterial enzymes.

Milestone(s) Achieved: Identify ‘882 analogs with potent activity This milestone has not been

against CgoX from multiple bacterial pathogens with minimal to no achieved.

activity against human enzyme.

Major Task 3: Test the ability of optimized ‘882 analogs to Months VU and VUMC WRAIR

photosensitize Staphylococcus aureus to light-based Killing.

Subtask 1: Design and build devices to deliver light for photodynamic 1-48 Dr. Jansen (VU): We have built

therapy. This will include antibacterial experiments, tissue delivery multiple additional lights,

devices, and deep tissue penetration devices including lights that
simultaneously deliver blue,
green and red light to increase
tissue penetration while ensuring
light-dependent bacterial killing.

Subtask 2: Test ‘882 analogs for light-based anti-bacterial activity. 1-36 Dr. Skaar (VUMC): These

This will involve testing for the best antibacterial activity against
numerous pathogens and then sending those ‘882 analogs to WRAIR

for further testing.

experiments are on-going in an

iterative process as new




molecules are synthesized and

new lights are developed.
Milestone(s) Achieved: Identification of highly active ‘882 analogs This milestone has not yet been
that exhibit potent antibacterial activity in the presence of newly achieved.
created light delivery devices and are metabolically stable to mouse
and human microsomes.
Specific Aim 2: Define the mechanism by which ‘882 Timeline Site 1: Site 2:
activates CgoX and use this information to design
improved analogs.
Major Task 1: Purify recombinant CgoX from various Months VUMC WRAIR
bacterial pathogens
Subtask 1: Purify CgoX wild type and point mutations from S. aureus 1-6 CgoX wild type and point
and CARB priority pathogens mutants from S. aureus have

been purified. (see Surdel et. al.

Fig 2A,G)
Milestone(s) Achieved: Purify CgoX from four distinct bacterial CgoX was successfully purified
pathogens from P. acnes and B. subtilis.

(see Surdel et. al. Fig 2B,G)
Major Task 2: Solve the co-crystal structure of CgoX VUMC WRAIR
bound to ‘882 analogs
Subtask 1: Solve the crystal structure of ‘882 analogs bound to CgoX 6-12 S. aureus CgoX has been S. aureus CgoX
from S. aureus. Dr. Skaar’s group will purify S. aureus CgoX. Dr. purified. crystallization studies
Schroeder Noble’s group will crystalize CgoX bound to ‘882. are in progress with

Dr. Schroeder Noble’s
group.

Subtask 2: Solve the crystal structure of ‘882 analogs bound to CgoX 12-36 These experiments
from other bacteria. Dr. Skaar’s group will purify CgoX from other have not yet begun.
bacteria. Dr. Schroeder Noble’s group will crystalize CgoX bound to
‘882.
Milestone(s) Achieved: Crystal structures of CgoX in complex This milestone has not yet been

achieved.




Specific Aim 3: Test the therapeutic efficacy of ‘882 Timeline Site 1: Site 2:
analogs in murine model of S. aureus skin infection.
Major Task 1: Test the therapeutic efficacy of ‘882 analogs | Months VUMC WRAIR
in murine model of S. aureus infection
Subtask 1: Develop murine model of S. aureus skin infection. 24-48 Dr. Skaar (40 mice); Developed
Develop protocols for administration of new light devices. murine model of superficial S.
aureus skin infection; ‘882-PDT
decreases bacterial burden in
vivo.
(see Surdel et. al. Fig 4E-G)
Subtask 2: Test therapeutic efficacy of optimized ‘882 analogs in 24-48 Dr. Skaar (150 mice); These
murine model of S. aureus skin infection. experiments have not yet begun.
Milestone(s) Achieved: Identify therapeutically efficacious ‘882 18 This milestone has not yet been
analogs for the treatment of staphylococcal skin infections. IACUCU achieved.
and ACURO Approval.
Major Task 2: Test the therapeutic efficacy of ‘882 analogs Months VUMC WRAIR
in murine model of bacterial skin infection.
Subtask 1: Develop murine model of bacterial skin infection caused 24-48 Dr. Skaar (250 mice);
by CARB priority pathogens. Develop murine model of skin infection Developed superficial P. acnes
using 4 CARB priority pathogens. skin infection model.
(see Surdel et. al. Fig 4H)
Subtask 2: Test therapeutic efficacy of optimized ‘882 analogs in 24-48 These experiments have not yet

murine model of skin infection.

begun.

Milestone(s) Achieved: Identify therapeutically efficacious ‘882
analogs for the treatment of multiple skin infections. IACUC and

ACURO approval.

This milestone has not yet been

achieved.

0 What was accomplished under these goals?

The major goal of this project is to develop small molecule analogs of ‘882 that activate heme

synthesis pathways and sensitize bacteria to light-dependent killing. Major activities associated

with this project can be divided into three areas: Chemistry, Photonics, and Biology




Chemistry-The chemistry support for this project is being performed by Vanderbilt chemists as
well as chemists at WRAIR. The objective of the chemistry teams is to develop small molecule
analogs of ‘882 with increased efficacy as photosensitizing antibiotics. The major activities of this
group include chemical synthesis to develop analogs. In this regard, the combined chemistry teams
at WRAIR and Vanderbilt have synthesized 45 distinct analogs of ‘882.

Photonics-The objective of the photonics team is to create enhanced devices to deliver light for
photodynamic therapy based strategies (see Surdel et. al., PNAS, Supporting Information, Light
Source). The major activities of this group involve purchasing and/or building new lights that can
be used by the biology team to test efficacy in antibacterial assays. We have found that, although
blue light is highly effective for photodynamic killing of bacteria in culture (see Surdel et. al.
PNAS, Figure 4A-D), the nature of blue light does not enable it to penetrate into skin beyond a
few millimeters. To circumvent this issue, the photonics team has been analyzing the biophysical
features of coproporphyrin 111 (CPII1) and found that this molecule has additional peak
absorbances in the green-red region of visible light. Light at these wavelengths is not absorbed as
strongly by the skin as blue light and is thus able to penetrate deeper into the skin. Therefore, the
photonics team is now creating lights that simultaneously deliver blue and red light in the hopes of
maximizing antibacterial activity while simultaneously enabling deep tissue penetration.
Biology-The objectives of the biology team are to test ‘882 analogs created by the chemistry team
for antibacterial activity, using lights created by the photonics team. In addition, the biology team
is testing each analog for the ability to activate heme synthesis, and hence CPIII accumulation,
using reporter assays (see Surdel et. al., PNAS, Table 1). To date, the biology team has tested 31
of these molecules and prioritized them based on their activities. This information is then used by

the chemistry team in an iterative fashion to drive new molecule synthesis.

Future experiment in the coming year will continue this iterative process in an effort to identify
optimized ‘882 analogs that are highly antibacterial against Staphylococcus aureus and efficacious

in murine models of bacterial infection (see Surdel et. al. PNAS, Figure 4E-H).

What opportunities for training and professional development has the project provided?
This project has resulted in training and professional development for all individuals involved.
Alec Walter is a graduate student in Biomedical Engineering who is working on this project and

who is moving between the fields of microbiology and photonics to accomplish the aims of this



proposal. In addition to his discipline specific training in photonics, he is coming proficient in
basic microbiological assays. Alec will present our findings at a major national conference on
biophotonics in January, and we have presented internally at the VVanderbilt Symposium on

Infection and Immunity.

Others currently involved in this project are Andrew Montieth (postdoctoral fellow), Andy Weiss
(postdoctoral fellow), Jocelyn Simpson (research technician) and Dennis Horvath (research
technician), all of who have had to develop various technical skills in order to achieve the stated
Aims. Jocelyn has become proficient in the light killing assay, and applies it routinely to test the
efficacy of new analogs. Dennis has optimized the biochemical and phenotypic assays for analog
activity and has become adept at them as well. Andrew and Andy are working on optimizing

murine models of infection that can be used to test the efficacy of candidate analogs.

How were the results disseminated to communities of interest?
We published a manuscript describing our results to date in The Proceedings of the National
Academy of Sciences, and we will also present our work at SPIE Photonics West, a major national

photonics conference at the end of January.

What do you plan to do during the next reporting period to accomplish the goals?

During the next reporting period, we will continue with the plan as originally described. Our
proposal included creating and optimizing analogs for the first 24 months of the project, and that is
what we will continue to do. The chemistry groups at both VVanderbilt and WRAIR will continue
to use information provided by the biology group to create new analogs, and all new analogs will
be tested by the biology group for activity with the goal of identifying potent molecules that are
highly antibacterial in photosensitization assays. In addition, the biology group will continue to
refine assays for testing activity against both Gram negative and Gram positive pathogens in an
effort to create broadly acting antimicrobials for the treatment of various infections.
Simultaneously, the photonics group will continue to improve light delivery by optimizing lights
for power, duration, and wavelength. Additional methods of improving light delivery including
two-photon absorption and optically clearing the skin prior to treatment will be explored. The
combined total of this effort will lead to new antibacterial strategies for the treatment of antibiotic

resistant infections.



e IMPACT:

(0]

What was the impact on the development of the principal discipline(s) of the project?
Photodynamic therapy has been studied and applied by humerous groups for the treatment of
microbial infections. This technique exploits the fact that the penultimate product in the heme
biosynthetic pathway (protoporphyrin IX or CPII1 depending on the organism) is toxic in the
presence of light. We are the first group to exploit this fact by creating small molecule activators
of the heme biosynthetic pathway with the goal of increasing coproporphyrin levels and
maximizing light-dependent Killing. This strategy has the potential to revolutionize photodynamic
therapy based approaches to antibacterial development and provide therapies for the treatment of
antibiotic resistant infections.

What was the impact on other disciplines?

Although this project has not yet had an impact upon other disciplines it has the potential to lead
to new ways to deliver light which could have an impact on the field of photonics in the future.
What was the impact on technology transfer?

Nothing to report

What was the impact on society beyond science and technology?

Nothing to report

e CHANGES/PROBLEMS:

(0]

Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report

Changes that had a significant impact on expenditures

Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Nothing to report

Significant changes in use or care of human subjects

Nothing to report

Significant changes in use or care of vertebrate animals.

Nothing to report

Significant changes in use of biohazards and/or select agents

Nothing to report



PRODUCTS:

o0 Publications, conference papers, and presentations
Journal publications.
Surdel MC, Horvath DJ Jr, Lojek LJ, Fullen AR, Simpson J, Dutter BF, Salleng KJ, Ford
JB, Jenkins JL, Nagarajan R, Teixeira PL, Albertolle M, Georgiev IS, Jansen ED,
Sulikowski GA, Lacy DB, Dailey HA, Skaar EP. Antibacterial photosensitization through
activation of coproporphyrinogen oxidase. Proc Natl Acad Sci U S A. 2017 Aug
8;114(32):E6652-E6659. PUBLISHED
This paper acknowledges federal support

= Books or other non-periodical, one-time publications.
Nothing to report

=  Other publications, conference papers, and presentations.
Conference Presentation: Light as a selective antibiotic: a novel approach of antibacterial
photosensitization through activation of coproporphyrin I11. To be presented in the end of
January at the SPIE West which is hosted by the International Society for Optics and
Photonics

Website(s) or other Internet site(s)

Nothing to report.

Technologies or techniques

We are currently in the process of creating new lights for use in photodynamic therapy assays. The
majority of the techniques used by the biology and chemistry teams are conventional. All
techniques or technologies developed as a result of this work will be described in peer reviewed
publications and shared upon request.

Inventions, patent applications, and/or licenses

No new patent applications have been filed since the start of this award.

Other Products

The only “products” created as a result of this project are the analogs of ‘882 that have been
developed by our chemistry team. These molecules are being tested for their activity and active
molecules may represent useful tool compounds or candidate therapeutics. In the future, we hope

that we will develop new lights for use in photodynamic therapy applications.



e PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Name:

Eric Skaar

Project Role:

Principle Investigator

Research Identifier (e.g. ORCID ID):

0000-0001-5094-8105

Nearest person month worked:

1

Contribution to project:

Dr. Skaar assisted with experimental design

/interpretation and supervision of personnel.

Funding Support:

Name:

Duco Jansen

Project Role:

Co-Investigator

Research Identifier (e.g. ORCID ID):

Nearest person month worked:

1

Contribution to project:

Dr. Jansen assisted with experimental

design/interpretation and supervision of personnel.

Funding Support:

Name:

Audra Fullen

Project Role:

Research technician

Research Identifier (e.g. ORCID ID):

Nearest person month worked:

6

Contribution to project:

Ms. Fullen purified CgoX from bacterial pathogens and

tested ‘882 analogs for CgoX enzyme activation.

Funding Support:

Name:

Dennis Horvath, Jr.

Project Role:

Research technician

Research Identifier (e.g. ORCID ID):

0000-0001-9988-7091

Nearest person month worked:

11




Contribution to project:

Dr. Horvath tested ‘882 analogs for hrtAB activation
and developed murine model of S. aureus and P. acnes

skin infections.

Funding Support:

Name:

Nichole Maloney

Project Role:

Research technician

Research Identifier (e.g. ORCID ID):

Nearest person month worked:

1

Contribution to project:

Ms. Maloney assisted with the optimization of murine

models of infection and screened for resistance to ‘882.

Funding Support:

Name:

Andrew Montieth

Project Role:

Postdoctoral fellow

Research Identifier (e.g. ORCID ID):

Nearest person month worked:

4

Contribution to project:

Dr. Montieth developed in vitro neutrophil killing
assays in an effort to test the combined effect of PDT

with immune mediated killing.

Funding Support:

Name:

Jocelyn Simpson

Project Role:

Research technician

Research Identifier (e.g. ORCID ID):

Nearest person month worked:

7

Contribution to project:

Ms. Simpson has tested ‘882 analogs for light-based

antimicrobial activity.

Funding Support:




Name:

Andy Weiss

Project Role:

Postdoctoral fellow

Research Identifier (e.g. ORCID ID):

0000-0002-5221-1032

Nearest person month worked:

1

Contribution to project:

Dr. Weiss assisted with the optimization of murine

models of skin infection.

Funding Support:

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel

since the last reporting period?

= See below:



Active Support
(January 3, 2018)

SKAAR, ERIC P.

CURRENT
(Previously Pending Now active)

Title:  “Host-mediated zinc sequestration during Acinetobacter baumannii infection,” 3 R01
Al101171-03 (Skaar, P.l.; Chazin, Co-PI)

Time commitments:  Skaar (0%)

Support agency: NIH/NIAID

Procuring Contracting/Grants Officer: Not Available

Performance period: 1/1/2016-12/31/2018
Level of funding: $57,000 entire

period direct cost Goal:

The proposed experiments in this supplemental application will define the mechanism by
which dietary zinc deprivation increases the pathogenesis of pneumonia. Zinc deprivation
is a well-known risk factor for pneumonia caused by numerous infectious agents, ensuring
that these studies will have broad applicability across a variety of infectious agents.
Further, this work will uncover new principles in metal biology that may lay the
groundwork for the design of intervention measures to protect the public health from
emerging infectious threats.

Specific Aims:

1) Define the impact of Zn deficiency on Zn homeostasis and the innate immune
response to bacterial pneumonia.
2) Identify A. baumannii genes important for pneumonia in Zn deficient mice.

OVERLAP
There is no overlap with any of the funding or pending awards.



Active Support
(January 03, 2018)

JANSEN, E. DUCO

0T20D025307 (Jenkins) 09/06/17 - 8/31/21 1.8 AY
NIH $2,772,354 0.99 Summer
Infrared Neuromodulation Reveals a New Understanding of Ganglion Organization

We propose to advance infrared neuromodulation and imaging technology in the following ways.
1) by creating new devices to efficiently and precisely deliver IR light to nerves and ganglia in
animals. 2) we will assess the safety, selectivity, and repeatability of infrared neuromodulation.
3) we will develop a deep understanding of how infrared neuromodulation works by conducting
mechanistic studies.

New
RO1NS094651 (Jansen) 07/01/16 — 06/30/21 20% AY
NINDS $556,663 1.8 calendar

A Neurophotonic Approach to Controlling Pain
The main goal of this grant will be to find the optimal method for inducing heat block in
pain fibers.
1) Explore parameter space for blocking individual and groups of unmyelinated fibers
2) Modeling thermal interactions with neural tissue
3) Unmyelinated vertebrate nerve block parameters and acute prototype cuff

testing Role: P1 ]
Previously Pending Now active

OVERLAP
Currently there is no overlap. If any of the pending studies are funded, appropriate
reductions in the current support will be made, per grant guidelines.



0 What other organizations were involved as partners?
e Organization Name: Vanderbilt University
e Location of Organization: Nashville, TN
e Partner's contribution to the project (identify one or more)
o Facilities:
= Build and characterize light sources
=  Fluorescent imaging systems to explore near IR fluorescence
of CPIlI
=  MANTIS system for two-photon photodynamic therapy
= Spectrophotometer for CPII1 absorption characteristics and
exploring optical clearing for mouse skin
o Collaboration
= Jeremy Ford, Biomedical Engineering Graduate student
= Logan Jenkins, Biomedical Engineering Graduate student
0 Personnel exchanges

. N/A
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APPENDICES:
0 Surdel MC, Horvath DJ Jr, Lojek LJ, Fullen AR, Simpson J, Dutter BF, Salleng KJ, Ford JB,
Jenkins JL, Nagarajan R, Teixeira PL, Albertolle M, Georgiev 1S, Jansen ED, Sulikowski GA,
Lacy DB, Dailey HA, Skaar EP. Antibacterial photosensitization through activation of
coproporphyrinogen oxidase. Proc Natl Acad Sci U S A. 2017 Aug 8;114(32):E6652-E6659.
PUBLISHED



Photosensitization of Bacterial Pathogens through Small Molecule Activators

Biosynthesis
BA-160565
WX81WH-17-2-0003

Pl: Eric Skaar Org: Vanderbilt University Medical Center Award Amount: $490,524.07

Study/Product Aim(s)
« Synthesize and test analogs of ‘882 for CgoX activating
potential.
* Define the mechanism by which ‘882 activates CgoX and use
this information to design improved analogs.
» Test the therapeutic efficacy of ‘882 analogs in murine
models of skin infections.

Approach

It is imperative to develop new therapies for post-traumatic infection that
are effective against antibiotic-resistant S. aureus. The objective of this
proposal is to develop new photoactivatable antibiotics for the treatment
of S. aureus infections. One promising area of research focuses on S.
aureus heme synthesis which is vital to survival within the host. Studies
proposed in this application will lead to the design of molecules that
disrupt heme homeostasis and inhibit staphylococcal disease as well as
diseases caused by a variety of other important pathogens.

SerAl,

gy .

CPGIIl

Accomplishments:
Combined chemistry teams (VU and WRAIR) have synthesized 45 distinct analogs of ‘882.
Biology team has tested 31 analogs for hrtAB activating potential.
Surdel et. al. PNAS 2017 Aug 8; 114(32):E6652-E6659. Published.

Timeline and Cost

Activities CYy| 17 18 19 20

Synthesize ‘882 analogs l

Test ‘882 analogs for hrtAB activating l
potential '

Test ability of ‘882 analogs to photosensitize I
S. aureus to light killing |

1
Test therapeutic efficacy of ‘882 analogs in
murine models of skin infections |

Est. Budget ($K) Direct Costs | $332K |$318K

$340K #344K

Updated: (30 December 2017 )

Goals/Milestones (Example)

CY17 Goal — Synthesize ‘882 analogs

[J Combined efforts of VU Chemical Synthesis Core and WRAIR
synthesized 45 ‘882 analogs

CY18 Goals — Determine activity of ‘882 analogs against live S. aureus

[J Tested 31 ‘882 analogs for hrtAB activating activity

CY19 Goal — Determine activity of ‘882 analogs against live bacteria

1 Tested 24 ‘882 analogs for ability to photosensitize S. aureus and P.
acnes to light-based killing

CY20 Goal — Test efficacy of ‘882 analogs in murine skin infection models

[J Demonstrated 882-PDT decreases bacterial burdens in vivo

Comments/Challenges/Issues/Concerns

* N/A

Budget Expenditure to Date

Projected Expenditure:$490,524.07

Actual Expenditure: $393,886.28
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Antibacterial photosensitization through activation

Check for
updates

of

coproporphyrinogen oxidase

Matthew C. Surdel®, Dennis J. Horvath Jr.?, Lisa J. Lojek?, Audra R. Fullen?, Jocelyn Simpson?, Brendan F. Dutter®<,
Kenneth J. Salleng?, Jeremy B. Ford®, J. Logan Jenkins?, Raju Nagarajan®, Pedro L. Teixeiraf, Matthew Albertolle“9,
Ivelin S. Georgiev®*™", E. Duco Jansen?, Gary A. Sulikowski®<, D. Borden Lacy®?, Harry A. Dailey'*, and Eric P. Skaar™'

2Department of Pathology, Microbiology, and Immunology, Vanderbilt University Medical Center, Nashville, TN 37232; ®PDepartment of Chemistry,
Vanderbilt University, Nashville, TN 37232; “Vanderbilt Institute for Chemical Biology, Nashville, TN 37232; “Department of Biomedical Engineering,
Vanderbilt University, Nashville, TN 37232; ®Vanderbilt Vaccine Center, Vanderbilt University Medical Center, Nashville, TN 37232; ‘Biomedical Informatics,
Vanderbilt University School of Medicine, Nashville, TN 37203; “Department of Biochemistry, Vanderbilt University, Nashville, TN 37232; hDepartmen‘c of
Electrical Engineering and Computer Science, Vanderbilt University, Nashville, TN 37232; 'Biomedical and Health Sciences Institute, University of Georgia,
Athens, GA 30602; 'Department of Microbiology, University of Georgia, Athens, GA 30602; and kDepartment of Biochemistry and Molecular Biology,

University of Georgia, Athens, GA 30602

Edited by Ferric C. Fang, University of Washington School of Medicine, Seattle, WA, and accepted by Editorial Board Member Carl F. Nathan June 26, 2017

(received for review January 10, 2017)

Gram-positive bacteria cause the majority of skin and soft tissue
infections (SSTIs), resulting in the most common reason for clinic
visits in the United States. Recently, it was discovered that Gram-
positive pathogens use a unique heme biosynthesis pathway, which
implicates this pathway as a target for development of antibacterial
therapies. We report here the identification of a small-molecule acti-
vator of coproporphyrinogen oxidase (CgoX) from Gram-positive bac-
teria, an enzyme essential for heme biosynthesis. Activation of CgoX
induces accumulation of coproporphyrin Ill and leads to photosensi-
tization of Gram-positive pathogens. In combination with light, CgoX
activation reduces bacterial burden in murine models of SSTI. Thus,
small-molecule activation of CgoX represents an effective strategy for
the development of light-based antimicrobial therapies.

bacteria | photosensitization | CgoX | heme | antibiotic

kin and soft tissue infections (SSTIs) are responsible for a
majority of visits to hospitals and clinics in the United States,
accounting for ~14 million ambulatory care visits each year (1).
Furthermore, ~10% of hospitalized patients suffer from an
SSTI (1). These infections are typically caused by Gram-positive
bacteria including Staphylococcus aureus, Staphylococcus epi-
dermidis, Propionibacterium acnes, and Bacillus anthracis, the
causative agents of “staph infections,” hospital-acquired infec-
tions, acne, and cutaneous anthrax, respectively (1-4). S. aureus
and P. acnes are the most prevalent causative agents of SSTIs (1-
4). In fact over 90% of the world’s population will suffer from
acne over the course of their lifetime, leading to annual direct
costs of over $3 billion (1, 2, 5, 6). The threat of these pathogens
is compounded by the tremendous rise in antibiotic resistance,
reducing the efficacy of the existing antibacterial armamentar-
ium (1, 3, 4). Identifying new drug targets to treat SSTIs is
paramount to enable the development of novel therapeutics.
Heme biosynthesis is conserved across all domains of life, and
heme is used for a diverse range of processes within cells. Until
recently, it was thought that the heme biosynthesis pathway was
conserved across all species, limiting its utility as a potential ther-
apeutic target to treat infectious diseases. However, Dailey et al. (7,
8) discovered that Gram-positive bacteria use a distinct pathway to
synthesize the critical cellular cofactor heme (Fig. 14). Specifically,
Gram-positive heme biosynthesis diverges at the conversion of
coproporphyrinogen III (CPGIII) to coproporphyrin III (CPIII)
through a six-electron oxidation by coproporphyrinogen oxidase
(CgoX, formally known as HemY), as opposed to being converted
to protoporphyrin IX (PPIX) in the classical pathway by a distinct
series of enzymes (7, 9, 10). The divergence of the heme bio-
synthesis machinery between humans and Gram-positive bacteria
provides a unique opportunity for the development of antibiotics
targeting this pathway as a strategy to treat infections.

www.pnas.org/cgi/doi/10.1073/pnas.1700469114

Small-molecule VU0038882 (‘882) was previously identified in
a screen for activators of the S. aureus heme-sensing system two-
component system (HssRS) (11-13) (Fig. 1B). Upon activation,
HssRS induces the expression of the heme-regulated transporter
(HrtAB) to alleviate heme toxicity (11-13). HssRS activation is
triggered by massive accumulation of heme in ‘882-exposed
bacteria (11). In addition to activating HssRS, treatment with
‘882 induces toxicity to bacteria undergoing fermentation by
impacting iron-sulfur cluster biogenesis (11, 14). Through a
medicinal chemistry approach, the HssRS-activating properties
of ‘882 were decoupled from its toxicity, suggesting two distinct
cellular targets for this small molecule (11, 14, 15). Before this
investigation, the mechanism by which ‘882 activates heme bio-
synthesis to trigger HssRS had not been uncovered.

We report here the identification of the cellular target of
‘882 responsible for inducing heme biosynthesis through the use
of a Py,~driven suicide strain. ‘882 activates CgoX from Gram-
positive bacteria, an enzyme essential for heme biosynthesis.
Activation of CgoX induces accumulation of the product of the
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Time (minutes)

'882 exposure increases CPIl production in S. aureus. (A) The terminal enzymes in the Gram-positive heme biosynthesis pathway (red) are distinct from

other organisms. (B) ‘882 is a small molecule that increases heme biosynthesis in S. aureus (11). (C) To create a Py, suicide strain, the hrtAB genes were
replaced with two copies of the E. coli gene encoding the RNA interferase toxin RelE. (D) Upon heme or ‘882 stimulation, toxicity is induced in hrtAB::relE.
(E) Strain CgoX.T183K exhibits a normal growth phenotype on tryptic soy agar (TSA), suggesting the CgoX T183K does not restrict CgoX function. (F) Strain
CgoX.T183K is unresponsive to ‘882, but retains the ability to respond to heme as measured by P, activation. *P < 0.001 compared with vehicle treated for
each strain. (G) HPLC analysis of WT, CgoX.T7183K, and ACgoX =+ '882. ‘882 increases CPIIl production in WT cells but not in CgoX.T183K. (Inset) ‘882-induced

CPIIl accumulation induces fluorescence in treated cells.

reaction, CPIII, a photoreactive molecule of demonstrated utility
in treating bacterial infections (6, 16, 17). Photodynamic therapy
(PDT) uses a photosensitizing molecule activated by a specific
wavelength of light to produce reactive oxygen species that lead to
cell death (6). Most US Food and Drug Administration-approved
photosensitizers are aminolevulinic acid (ALA) derivatives, which
serve as prodrugs through their conversion to porphyrins in the
heme biosynthetic pathway (6). Through ‘882-dependent activation
of CgoX, CPIII accumulates in a similar manner, inducing pho-
tosensitization specifically in Gram-positive bacteria, and ‘882-PDT
reduces bacterial burden in murine models of SSTI (Fig. S1). Thus,
small-molecule activation of CgoX represents a promising strategy
for the development of light-based antimicrobial therapies.

Results

Construction of an ‘882-Responsive Suicide Strain. To identify the
target of ‘882, a suicide strain was created enabling selection of
S. aureus strains that are unresponsive to ‘882. Because ‘882 is not
toxic to wild-type (WT) bacteria, a genetic approach was used to
engineer toxicity to S. aureus upon treatment with ‘882. S. aureus
hrtAB was replaced with two copies of the gene encoding the
Escherichia coli RNA interferase toxin RelE under the control of
the native hrtAB promoter to inhibit growth upon activation of
HssRS (Fig. 1C). Dual copies of relE were used to avoid selection
of toxin-inactivating mutations. S. aureus hrtAB::relE grows equiv-
alently to WT in the absence of heme or ‘882. Upon HssRS in-
duction by heme or ‘882, hrtAB::relE is unable to grow (Fig. 1D). A
strain lacking the ArtB permease (AhrtB) was used to ensure that
‘882 does not induce heme toxicity at tested concentrations. These
results establish this suicide strain as a powerful tool to identify
suppressor mutants unresponsive to ‘882.

Selection of ‘882-Resistant Suicide Strains. Isolates of hrtAB::relE
exhibiting spontaneous resistance to ‘882 were identified at a
frequency of 0.0079%, and the stability of resistance was ensured
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through serial passage. Genomic DNA was isolated and the
hssRS/hrtAB locus was sequenced. Whole-genome sequencing
was performed on isolates lacking mutations in AssRS/Phrt to
identify mutations conferring resistance to ‘882 in the ArtAB::relE
strain background. This analysis revealed a T183K mutation in
CgoX, an enzyme required for heme biosynthesis. The CgoX
T183K mutation was reconstructed in WT S. aureus (CgoX.T183K),
and this strain exhibits normal growth, suggesting the CgoX T183K
mutation prevents the response of S. aureus to ‘882 without
restricting heme biosynthesis, as seen in a strain lacking CgoX
(ACgoX) (18) (Fig. 1E). In addition, the T183K mutation abol-
ished ‘882 sensing to the same level as AhssRS, whereas heme
sensing remained intact (Fig. 1F). Taken together, these results
demonstrate that the CgoX T183K mutation prevents ‘882-induced
activation of htAB in S. aureus.

‘882 Induces CPIll Accumulation. To determine the impact of
‘882 on the heme biosynthesis pathway, intermediates of heme
biosynthesis were quantified following ‘882 exposure. Porphobi-
linogen (PBG), an early heme biosynthetic precursor, is un-
affected by ‘882 (Fig. 14 and Fig. S2). In contrast, CPIII, the
product of CgoX, is greatly increased following ‘882 treatment
(Fig. 1 4 and G). Notably, CPIII accumulation is not observed in
CgoX.T183K or ACgoX upon ‘882 treatment (Fig. 1G). CPIII is
the only fluorescent molecule in the heme biosynthesis pathway,
and ‘882 exposure triggers dramatic fluorescence in S. aureus
(Fig. 1G, Inset). The HPLC fraction corresponding to the elution
time of the CPIII standard was analyzed by LC-MS/MS and
confirmed to be CPIII (Fig. S3). These results demonstrate that
‘882 exposure leads to accumulation of CPIII in S. aureus and
implicate CgoX as a candidate target of the molecule.

‘882 Activates CgoX from Gram-Positive Bacteria in Vitro. To de-

termine whether ‘882 directly activates S. aureus CgoX, recombinant
S. aureus WT CgoX and CgoX T183K were purified. Importantly,
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these two enzymes display similar K, and V.« values, demonstrating
the T183K mutation does not affect baseline CgoX activity (Fig. 2G
and Fig. S44). Upon treatment with ‘882, WT CgoX displayed 205%
activity with an AC;sy of 92 nM, whereas the T183K mutant did not
respond to ‘882 at concentrations up to 10 pM (Fig. 3 4 and G).
These data establish ‘882 as a small-molecule activator of CgoX.
To determine whether ‘882 retains activity against CgoX from
other Gram-positive organisms, recombinant Bacillus subtilis and
P. acnes CgoX were purified (7). K, and V},,, values were de-
termined to characterize baseline activity of the enzymes, and
each was tested for ‘882-induced activation (Fig. 2 B and G and Fig.

>
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S4B). ‘882 activates CgoX from B. subtilis and P. acnes with AC;s
values of 42 and 16 nM, respectively (Fig. 2 B and G). Importantly,
human HemY, a protoporphyrinogen oxidase as opposed to a
coproporphyrinogen oxidase, did not respond to ‘882 treatment
(Fig. 2C and Fig. S4C). These results establish ‘882 as a small-
molecule activator of CgoX from Gram-positive bacteria.

Structure—Activity Relationship Studies of ‘882. Recently, a series of
structural analogs of ‘882 were prepared and screened in a phe-
notypic HssRS activation assay using a XylE reporter gene to
monitor transcription of 4rtAB as a response to heme accumulation
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B. subtilis 20.8(7.8) 28.5 (6.6) 42.7 (36.4) 181.7 (12.6)
P. acnes 23.4 (20.9) 18.4 (10.5) 16.7 (14.2) 171.2(9.2)
H. sapiens 2.3 (0.5) 2.1 (0.1) >10 uM N/A
S. aureus N186Y 73.3 (61.1) 34.0 (23.7) >10 uM N/A
S. aureus N186F  ambig ambig >10 uM N/A
S. aureus N186A  ambig ambig >10 uM N/A

Fig. 2.

'882 activates CgoX from Gram-positive bacteria and identification of a region important for regulation of CgoX. (A, B, and F) CgoX activity was

assayed with increasing ‘882 concentrations and 5 pM CPGlIl. (C) HemY activity was assayed with increasing ‘882 concentrations and 5 pM PPGIX. (D) The
residue of B. subtilis CgoX homologous to S. aureus T183 (blue) is located in a region distinct from the active site (Y366, yellow) (19, 51). B. subtilis CgoX shares
46% identity with S. aureus CgoX. A residue homologous to S. aureus N186 (red) faces a cleft leading into the active site. (E) Magnified view of residues
homologous to S. aureus T183 and N186 residues (carbon in light blue, nitrogen in dark blue, and oxygen in red). (G) K, Vimax ACis0, and activation (in

percentage) for each enzyme were determined.
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Fig. 3. Identification of additional mutations that affect ‘882 activity. (A) Distribution of ligand-residue distances for the subset of protein residue positions
for which at least one of the top 100 ligand conformations was within 4 A, shown as boxplots (box represents 25th and 75th percentile, and the horizontal
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(19). (B) CgoX activity was assayed with ‘882 and 5 uM CPGIlIl. (C) Structural model highlighting the same four residues as in the boxplot in the B. subtilis

structure (19).

(15) (Table 1). These analogs were assayed in the CgoX activation
assay using WT and T183K mutant enzymes (Table 1). Three
analogs, b, d, and 1, proved superior or comparable to ‘882 as CgoX
activators in vitro. Notably, none of these more potent activators
exhibit increased ability to trigger hntAB expression in S. aureus
over that of ‘882, suggesting that these compounds do not have
improved bioavailability over ‘882 in staphylococcal cells. In addi-
tion, these ‘882 derivatives are also inactive against the T183K
mutant, suggesting all four diarylpyrazoles share a common binding
site. The remaining eight diarylpryazoles were equally inactive
when assayed against CgoX or the T183K mutant. Collectively,
these structure—activity relationship studies support activation of
CgoX by a common allosteric binding site.

Structural Analysis of the ‘882-CgoX Interaction. To gain insight into
the potential binding site of ‘882 within CgoX, the previously
solved crystal structure of B. subtilis CgoX was interrogated (19)
(Fig. 2D). Based on the location of S. aureus T183 within CgoX,
a nearby amino acid, N186, was implicated as potentially im-
portant due to its proximity on a short helix facing a cleft leading
into the active site (Fig. 2 D and E). The N186 residue was
mutated to tyrosine, phenylalanine, or alanine and the activity of
the mutant enzyme was examined in the presence or absence of
‘882 (Fig. 2 F and G and Fig. S4D). CgoX N186Y and CgoX
N186F exhibit increased baseline activity relative to WT CgoX,
suggesting this region is important for positive enzyme regulation
(Fig. 2G and Fig. S4D). Consistent with this, all three mutations
abolish the ability of CgoX to respond to ‘882 treatment (Fig. 2 F
and G). Importantly, the helix containing these residues is in a
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distinct region from the active site of the molecule (Fig. 2D).
Taken together, these data support a model whereby ‘882 binds
to the region of CgoX containing residues 183-186 and acts as an
allosteric modulator of enzyme activity. Mutations in this portion
of the enzyme may mimic ‘882-induced changes in tertiary struc-
ture leading to enzyme activation.

In Silico Docking Identifies a Functional Domain Important for ‘882
Activation. Despite significant efforts, we were unsuccessful in
our attempts to solve the complete crystal structure of ‘882 in
complex with CgoX from various Gram-positive organisms. A
flexible loop encompasses residues 183-186 that were identified
in our initial mutational analysis. Importantly, previously pub-
lished structures of CgoX are also incomplete in this region (19,
20). Therefore, to further our understanding of the functional
domain required for ‘882 activity in the absence of a crystal
structure, the ‘882—-CgoX interaction was modeled by in silico
docking to identify additional residues that may be required for
‘882-induced activity of CgoX. Based upon this analysis, six more
residues within CgoX were selected for mutational analysis to
interrogate their importance for ‘882-dependent activation (Fig.
34). Mutations were made in S. aureus CgoX, creating the en-
zyme variants V146M, M167F, Y171A, F184A, F187W, and
DA450Y. Upon induction, V146M, Y171A, F184A, and D450Y
led to unstable enzymes that could not be purified (Fig. S5).
CgoX MI167F and F187W expressed equivalently to WT (Fig.
S5), were purified, and interrogated for ‘882-induced activation.
Both mutations inhibited the activation of CgoX by ‘882 (Fig.
3B). Taken together, these data begin to define a pocket within
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Table 1. Structural analogs of ‘882 activate HemY &
In vivo activity: In vitro activity: In vitro activity:
Compound Compound % activity of ‘882 % activity of WT % activity of T183K
Structure designation abbreviation at 50 uM (SEM) HemY at 1 uM (SEM) HemY at 1 uM (SEM)
on WM o VU0038882 a 100 (9)* 192 (21) 69.3 (8.8)
" I VU0812197 b 0.335 (0.276)* 300 (42) 72.3(11.5)
n d VU0420372 c 1.67 (0.55)* 230 (40) 72.1(7.5)
o N VU0812187 d 0.206 (0.113)* 153 (15) 35.7 (4.7)
VU0420382 e 0.812 (0.297)* 128 (12) 78.3(7.9)
N-NH VU0125897 f 28.2 (0.8)* 112 (16) 110 (19)
NNH VU0476720 g 0.392 (0.146)* 111 (13) 95.6 (9.7) <
N - 7""7_7 ) §
e
iH NN VU0476725 h 0.299 (0.188)* 109 (17) 137 (12) §
LA g
(J =
OMe N-NH o VU0366053 i 0.715 (0.093)* 89.6 (11.4) 106 (12)
x”‘z\/"l\%h_(‘\,,.i'
L
r:-';[(o\? VU0404345 j 1.19 (0.31)* 81.9 (24.4) 75.8 (10.0)
oY
HO™
OH N-NH  — VU0476722 k 0.286 (0.136)* 79.4 (9.0) 95.2 (15.2)
P ,»‘L\/)“{_i_//w
J
‘ OH N-NH N VU0812191 0.245 (0.036)* 77.8 (14.9) 72.1 (9.5)
/&/[/‘\/ Y
o= ' ~F

*Previously published data (15).

CgoX that appears to be required for ‘882-dependent activation
of the enzyme (Fig. 3C).

CgoX Activation Induces Photosensitization of Gram-Positive Bacteria.
PDT is frequently used to treat bacterial skin infections and in-
volves the use of a photosensitizer and a light source to destroy
cells through the production of reactive oxygen species (6). Por-
phyrin intermediates of the heme biosynthesis pathway are the
most common photosensitizers used in clinics. The production of
porphyrin intermediates is often up-regulated through the addi-
tion of ALA, the first committed precursor in the heme bio-
synthetic pathway (Fig. 14). A major limitation of ALA-PDT for
the treatment of infectious diseases is the lack of specificity of this
therapy, which induces photosensitivity in both bacterial and hu-
man cells. Due to the specificity of ‘882 for CgoX from Gram-
positive bacteria, this molecule should selectively sensitize bacte-
ria to light while avoiding host toxicity. To test this hypothesis,
various strains of S. aureus were grown in the presence of ALA,
‘882, or both and exposed to 395-nm light, the absorbance maxi-
mum for CPIII as determined experimentally (data not shown).
Both ALA and ‘882 treatment led to significant growth inhibition
of S. aureus following exposure to 68 J/cm? light (Fig. 44). An
additive effect was seen when ‘882 and ALA were in combination,
likely due to ALA increasing precursor availability for CgoX.

Surdel et al.

Notably, ALA and ‘882 combined decreased S. aureus viability by
six logs compared with untreated cells (Fig. 44). The toxicity of
‘882-PDT is conserved across some of the most important causes
of human skin infections, including S. epidermidis, Staphylococcus
haemolyticus, Staphylococcus lugdunensis, B. anthracis, and P. acnes
(Fig. 4 B-D). These results establish the utility of ‘882-PDT as a
potential therapeutic for the treatment of skin infections caused by
Gram-positive bacteria.

‘882-PDT Decreases Bacterial Burdens in Vivo. To determine the in
vivo efficacy of ‘882-PDT, a murine model of superficial S. aureus
skin infection was used, which leads to considerable skin ulceration
(21). Mice infected with S. aureus USA300 LAC and treated with
‘882-PDT or ‘882/ALA-PDT exhibited significantly lower bacterial
burden per wound following infection compared with untreated
animals (Fig. 4G). Histologically, all groups showed varying de-
grees of inflammation, with neutrophils being the most abundant
cells present; however, bacterial burden was noticeably reduced in
‘882-PDT- and ‘882/ALA-PDT-treated samples (Fig. 4 E and F).
Topical administration of 2% mupirocin ointment, as a positive
control antibiotic, also significantly reduced bacterial burden com-
pared with untreated mice. (Fig. 4G).

To evaluate the broad utility of ‘882-PDT as a therapy for
common skin infections, the efficacy of ‘882-PDT in a murine

PNAS Early Edition | 5of 8
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Fig. 4. ’'882 induces photosensitivity in Gram-positive pathogens. (A-H)
S. aureus, S. epidermidis, S. haemolyticus, S. lugdunensis, B. anthracis, and
P. acnes were exposed to ALA, ‘882, or ALA plus ‘882 in the absence or
presence of 68 J/cm? light dose (395 nm). The survival fraction + SD (A-D)
was calculated by taking the number of surviving CFU of the light-exposed
bacteria divided by the CFU of untreated bacteria (n = 9). (E-G) Mice in-
fected with S. aureus USA300 LAC were treated with ‘882 (n = 20), ALA plus
‘882 (n = 20), 2% mupirocin ointment (n = 10), or left untreated in the ab-
sence (n = 20) or presence (n = 10) of a total dose of 164 J/cm?. (G) Total logso
bacterial burden per wound + SEM was quantified 16 h postinfection.
(E) Section (10x; TSB 0 J/cm?) shows a severe, neutrophilic epidermitis with a
thick serocellular crust including coccal bacterial colonies [see Inset (40x)].
Inflammatory cells are primarily neutrophils and to a lesser extent mono-
nuclear leukocytes and extend into the dermis and dermal adipose. (F) This
section (10x; ALA plus ‘882 plus 164 J/cm?) shows a margin of wounded
epithelium and the adjacent nontreated epithelium. The treated portion has
a layer of neutrophils just below the epidermis. Neutrophils and mono-
nuclear leukocytes are present within the underlying dermal fibrous con-
nective tissue, adipose tissue, and extending into the loose connective tissue
below the muscle. (H) Mice infected with P. acnes were treated with either
‘882 or a combination of ALA and ‘882 in the absence or presence of a total
dose of 164 J/cm? (each group = 10). Total logqo bacterial burden per
wound + SEM was enumerated 16 h postinfection. (G and H) Dashed lines
indicate the limit of the detection for bacterial burden.
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model of P. acnes infection was determined. Both ‘882-PDT and
‘882/ALA-PDT led to a significant decrease in bacterial burden
compared with untreated mice, highlighting the utility of ‘882 as a
possible compound for the treatment of acne (Fig. 4H). Taken
together, these findings establish PDT coupled with small-molecule
activation of CgoX as an effective therapeutic strategy to specifi-
cally target Gram-positive pathogens.

Discussion

These results define the small-molecule ‘882 as an activator of
Gram-positive CgoX. Treatment with ‘882 leads to massive heme
accumulation resulting in HssRS activation in S. aureus. Resi-
dues required for ‘882-induced CgoX activation have been
identified, thereby revealing a functional domain involved in the
activation of CgoX. In addition, treatment with ‘882 leads to
photosensitization of Gram-positive bacteria, reducing bacterial
burdens in vivo. Taken together, these results establish ‘882 as an
activator of Gram-positive CgoX and provide proof-of-principle
for small-molecule activation of CgoX as a potential therapeutic
strategy for the treatment of bacterial infections.

Synthetic small-molecule activators are rare, with only a
handful identified to date (22). Identifying the targets of small
molecules is a major obstacle in biomedical research (23-25).
Phenotypic high-throughput screens using small-molecule li-
braries often result in the identification of numerous molecules
with unknown targets. Several approaches have been successful
in identifying intracellular targets of small molecules (26-32).
Here, we report a genetic selection strategy based on the crea-
tion of a suicide strain that enables the identification of spon-
taneous resistant mutants to an activating compound that is
typically nontoxic. This strategy can be adapted to a variety of
systems where a small molecule activates a specific gene ex-
pression program, and may enable the identification of targets
for numerous small-molecule activators.

The mechanisms by which heme biosynthesis is regulated in
Gram-positive bacteria are largely unknown (9). The identifica-
tion of ‘882 as an activator of CgoX establishes this molecule as a
valuable tool for interrogating the heme biosynthetic pathway
in Gram-positive bacteria to further understand the synthesis
of this essential cofactor. Interestingly, it has previously been
demonstrated that CgoX activity is modulated in vitro to a
similar extent by addition of ChdC (previously known as HemQ),
the terminal enzyme in the Gram-positive heme biosynthesis
pathway (33). This suggests that the interaction of CgoX with
‘882 may not be a random occurrence but may represent an in-
appropriate hijacking of a normal in vivo regulatory mechanism.
The ‘882-dependent activation of heme biosynthesis represents a
valuable tool for studying the regulation of heme biosynthesis in
Gram-positive bacteria.

Notably, enzyme activators have numerous properties that
make them ideal therapeutics (22). Whereas inhibitors often
require the ability to inhibit the enzyme by 90%, activators can
induce phenotypes with small increases in enzyme activity, in-
dicating that derivatives of ‘882 with slight increases in activity
could lead to dramatic increases in CPIII accumulation and
therefore antibacterial properties (22). Specifically, this has been
seen with small-molecule activators of glucokinase, where a 1.5-
fold increase in enzymatic activity has shown significant effects in
vivo. These molecules are now used as therapeutics for diabetes
(22, 34-306).

In addition, inhibitors often bind active sites of enzymes, which
are typically well conserved across homologous enzymes. In
contrast, activators often bind allosteric sites, which are less well
conserved across enzymes, thus increasing specificity and limiting
off-target effects (22, 34, 37). Structural analysis of the ‘882-
CgoX interaction has identified a functional domain of CgoX
that suggests an allosteric mechanism of action for ‘882-induced
activation (Figs. 2 and 3). In addition, we have identified specific
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residues that when mutated increase activity, further supporting
that this portion of the enzyme is important in positive regulation
(Fig. 2). Therefore, ‘882 and its derivatives have value as both
probes of heme biosynthesis as well as small-molecule photo-
sensitizers for the treatment of bacterial infections.

The use of PDT has begun to expand beyond SSTIs. Gastro-
intestinal endoscopes have been developed that emit wave-
lengths that activate porphyrins in patients to detect cancer, and
similar strategies have been interrogated for their ability to treat
gastrointestinal infections (38, 39). Osteomyelitis and contami-
nation of orthopedic devices are some of the most common in-
vasive bacterial infections, and PDT strategies to combat these
infections are being developed (40-46). Finally, PDT-based
strategies are in development for a variety of other diseases,
including parasitic, dental, and sinus infections (47, 48). One of
the key limitations for PDT approaches involving photosensi-
tizers that need to be activated with light at shorter wavelengths
(below 500 nm) is the lack of deep-tissue penetration of light at
those wavelengths. Therefore, the development of strategies to
increase the penetration of light may considerably improve the
therapeutic potential of porphyrin-based PDT. As the utility of
PDT-based therapies expands, so too will the potential clinical
utility of small-molecule activators of CgoX.

The ability of ‘882 to specifically photosensitize Gram-positive
bacteria circumvents the nonspecific nature of ALA-PDT, which
has limited the value of ALA-PDT for the treatment of infectious
diseases (6, 49, 50). Furthermore, this provides proof-of-concept
that activation of bacterial porphyrin production through specific
activation of CgoX is a viable therapeutic strategy that could be
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adapted to Gram-negative bacteria and other infectious diseases
(6, 16, 47). Therefore, the development of ‘882-PDT has the po-
tential to significantly expand the value of light-based therapies for
the treatment of the most common causes of skin infections.

Materials and Methods

Descriptions of growth conditions, strain construction, suicide strain selection
experiments, genomic analysis, heme precursor quantification, promoter
activity assays, CgoX activity assays, in silico docking studies, photosensitivity
assays, superficial skin infection studies, and chemical synthesis can be found
in SI Materials and Methods. Bacterial strains, expression constructs, plas-
mids, and primers used in this study can be found in Tables S1-54. All re-
search involving animals described in this paper was reviewed and approved
by the Vanderbilt University Institutional Animal Care and Use Committee.
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S| Materials and Methods

Bacterial Strains and Growth Conditions. Cloning was performed in
Escherichia coli DH5a (Invitrogen). Strains, plasmids, and pri-
mers used are described in Tables S1-S4. All proteins were
expressed using E. coli strain BL21(DE3) pREL (11). All S. aureus
and S. epidermidis strains were grown in tryptic soy broth (TSB) or
agar (TSA), E. coli and B. anthracis were grown in lysogeny broth
(LB) or lysogeny broth agar (LBA), and P. acnes in brain heart
infusion (BHI) broth or agar, unless otherwise stated.

Strain Construction. The suicide strain was constructed by allelic
replacement as previously described (52). PCR was performed
with Phusion Polymerase (Thermo Scientific), unless stated
otherwise. The genomic context upstream of hrtAB was amplified
using primers MS0001b and MS019, and the downstream frag-
ment was amplified using primers MS020 and MS006b. The
fragments were fused by PCR SOEing to create an Ndel site
between the upstream and downstream fragments (53). The
3’-adenosine overhangs were added by incubation with ExTaq
(TaKaRa) for 20 min at 72 °C. The resulting product was ligated
into PCR2.1 according to manufacturer’s instructions (Life
Technologies). relE was amplified from E. coli DH5« using pri-
mers MS023 and MS024. The plasmid and PCR products were
digested with Ndel (New England Biolabs) and ligated with T4
DNA Ligase (New England Biolabs) to insert the toxin gene
between upstream and downstream fragments. The plasmid
DNA was isolated from transformants, and a strain harboring
two copies of relE in the correct orientation was selected for
downstream applications. Using this plasmid as a template, pri-
mers MS001 and MS006 were used to amplify the suicide con-
struct. This was inserted into pKORI, and allelic exchange was
performed as previously described (52).

S. aureus strain CgoX::ermC was described previously and the
CgoX::ermC allele was transduced into strain Newman using the
®-85 bacteriophage (54, 55). To create an S. aureus strain har-
boring the T183K mutation in CgoX, cgoX was amplified from
the point mutant isolated in the suicide selection using primers
pKORI_CgoX_FattB and pKORI_CgoX_RattB. This construct
was moved into pKORI and allelic replacement was used as
previously described (52).

Suicide Strain Selection. Overnight bacterial cultures of suicide
strain or AhrtB were subcultured 1:100 into 5 mL of TSB and
grown for 8 h. One hundred microliters of a 1:40,000 dilution
were plated on media containing ‘882 (5-15 pM). The resistant
colonies were passaged twice on TSA to ensure resistance was
genetically stable, and rechallenged by plating on heme or ‘882.
The colonies that retained resistance to ‘882 but were sensitive to
heme were used for downstream analysis.

Genome Sequencing and Analysis. Genomic DNA was isolated from
mutant strains using the Wizard Genomic Kit (Promega) and
sequenced to identify mutations in hssRS/Phrt/relErelE. Strains
containing mutations in this locus were eliminated from sub-
sequent analyses. The genomes from strains lacking mutation in
this locus were sequenced by Perkin-Elmer on the MiSeq Platform.

Whole-genome sequencing analysis was automated with a tool
written in the Python programming language. The input files were
the Newman genome (.fas) and the mutations file (.csv). The
program iterates through each mutation determining the muta-
tion type and resultant amino acid change, if applicable. The input
.csv is preprocessed to combine proximal mutations in the same
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strain as both must be considered due to their combined codon
effect. The script also includes options to specify the organism ID,
the base pair radius around the mutation to use for genome
matching, an e-value threshold for allowable search results, and a
customizable delimiter character for visualization. The program
takes into account both strand directions when searching to
ensure complete coverage as well as potential missed search
matches at the edges of the genome. All mutations are classified
based on their effect—silent, substitution, frameshift, truncation,
or deletion.

The Bacterial, Archaeal, and Plant Plastid Code (transl_table =
11) was used as our translation table; more information can be
found at https:/www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi.

Mutations in noncoding regions or that produced silent mu-
tations in the amino acid sequence were removed. Mutations were
compared with a control suicide strain not subjected to selection
to eliminate mutations present in the parent strain. The genes
identified in this analysis were resequenced in the relevant strain
to confirm the presence of the mutation.

Heme Precursor Quantification. Cells were grown in TSB overnight
in the presence or absence of 40 uM ‘882. The cells were pelleted
and lysed as previously described (11). PBG was quantified from
lysate as previously described (56). Briefly, modified Erlich’s
reagent was prepared by dissolving 1 g of p-dimethylamino-
benzaldehyde (Sigma) in 16 mL of 70% perchloric acid and
bringing final the volume to 50 mL with glacial acetic acid. The
lysate was mixed with fresh Erlich’s reagent and incubated at
room temperature for 10 min. The absorbance at 555 nm was
determined and compared with a standard curve using fresh
PBG (Frontier Biosciences) to determine the concentration. For
HPLC analysis, protoplast lysates were incubated with Dianon
HP20 beads for 1 h at 4 °C. Hydrophobic molecules were eluted
from the beads with 3 mL of acetone. The samples were pro-
tected from light. The hydrophobic molecules were concentrated
in vacuo for 24 h at room temperature. The samples were
resuspended in 200 pL of 1:1 water/acetonitrile with 0.1% tri-
fluoroacetic acid. HPLC was performed as previously described
(57). Absorbance was measured at a wavelength of 400 nm to
identify heme precursor molecule peaks. The fractions corre-
sponding to the retention time of CPIII and heme standards
were collected and lyophilized. The lyophilized fractions were
resuspended in 100 pL of 1:1 water/acetonitrile and analyzed by
LC-MS/MS as previously described (56).

Promoter Activity Assay. Promoter activity assay was performed as
previously described (13). Briefly, phrtAB.XyIE was electorpo-
rated into the strain CgoX.T183K. The other strains used have
been previously described (11). Overnight cultures were diluted
1:100 into TSB supplemented with 10 pg/mL chloramphenicol
under the following conditions: vehicle (DMSO), 1 uM heme, or
10 pM “882. Cells were grown for 6 h and assayed as previously
described (12). The experiment was performed in triplicate on
three separate days (n = 9). Data are presented as mean + SEM.
Student’s ¢ test was performed to determine significance.

S. aureus CgoX Expression Construct. S. aureus CgoX was amplified
from either Newman or the suicide strain resistant to ‘882 con-
taining the T183K mutation using primers pET15_CgoXF1 and
pET15_CgoXR and inserted into pET15b using the Gibson As-
sembly Cloning Kit (New England Biolabs). The point mutations in
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CgoX were created using Pfu mutagenesis with primers described
in Table S4 (58).

Enzyme Expression and Purification. The plasmids described in
Table S2 were transformed into BL21(DE3) pREL. An over-
night of a strain harboring each CgoX expression construct was
diluted 1:100 into Terrific Broth (Fisher Scientific) supple-
mented with the appropriate antibiotics and 10 pg/mL riboflavin.
Cells containing Homo sapiens HemY were grown at 37 °C
overnight. The cells containing S. aureus and P. acnes CgoX were
grown at 37 °C until they reached an ODg of 0.7, induced with
0.1 mM isopropyl p-p-1-thiogalactopyranoside (IPTG), and
grown at 30 °C overnight. The cells containing B. subtilis CgoX
were grown at 37 °C until they reached an ODgq of 0.7, induced
with 0.1 mM IPTG, and grown for 5 h 37 °C. The cells were
washed with PBS and stored at —80 °C until protein was har-
vested. The cells were resuspended in lysis buffer [SO mM Tris-
Mops, pH 8.0, 0.1 M potassium chloride, and 1% sodium cholate
hydrate supplemented with 1 mg/mL lysozyme and one Pierce
Protease Inhibitor Tablet (Thermo Scientific)], homogenized
using a Dounce homogenizer, and passed through an EmulsiFlex
(Avestin) four times. Lysate was centrifuged at 40,000 x g for 1 h
and filtered with a 0.22-uM filter.

S. aureus and P. acnes CgoX and H. sapiens HemY were pu-
rified using HisPur Cobalt Superflow Agarose (Thermo Scien-
tific). The lysate was mixed with agarose and incubated at 4 °C
with rotating for 30 min. The lysate and beads were poured into
a gravity column followed by washing with 10 column volumes of
5 mM imidazole in the lysis buffer. Proteins were eluted with
250 mM imidazole in lysis buffer in 5 column volumes. B. subtilis
protein was purified on an AKTA FPLC (GE Healthcare Life
Sciences) with a linear gradient from 0 to 500 mM imidazole in
lysis buffer. Glycerol was added to 10% total volume, and pro-
tein was aliquoted and stored at —80 °C. A fresh aliquot was used
each day for assays.

All purified enzymes were analyzed by SDS/PAGE and tested
for activity to verify purity (Fig. S5).

CgoX Activity Assay. Purified CgoX was assayed as previously
described (59). The reactions were performed in 300-pL volume
and incubated at room temperature for 10 min before initiating
the reaction. Reactions were monitored using a Cytation 5
(BioTek), and performed at least twice in triplicate. Ky, and Vi
values were determined by fitting data using the Michaelis—
Menten equation in Prism (GraphPad) using 10.8 pg of protein
in each reaction. ACy59 and activation (in percentage) values
were determined using Response vs. Log (substrate) in Prism
(GraphPad). For S. aureus and H. sapiens, 10.8 pg of protein was
used to determine the AC;s¢. For B. anthracis and P. acnes, 5.4 pg
of protein was used to determine the AC;s, to keep reactions
in the linear range of the instrument. Data are represented as
mean + SEM.

Identification of Additional Mutations That Affect ‘882 Activity.
Protoporphyrinogen oxidase structure (PDB ID code 316D,
chain A) from Bacillus subtilis was used for the structural anal-
ysis. Molecular docking simulations with ligand ‘882 were per-
formed using the AutoDock 4.2 and AutoDock tools (60). The
protein was prepared for docking by assigning polar hydrogens,
solvation parameters, and Kollman united atom charges,
whereas Gasteiger charges were assigned to the ligand. Water
molecules were removed from the input structure. The ligand
was modeled as flexible around rotatable bonds. The grid box
was centered around residues T189 and Q192 (S. aureus
T183 and N186). Flexible docking was performed by modeling as
flexible these two residues, as well as the nearby Y177, F190, and
F193. The default grid box size was adjusted to allow a free
rotation of the ligand, and set at 70 x 70 x 70, with a grid spacing
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of 0.375 A. Grid maps were generated using the AutoGrid
program. The Lamarckian genetic algorithm (LGA) was used for
the conformer search, with default parameters, including selec-
tion window (10 generations), population size (150), and maxi-
mum number of energy evaluations (2,500,000) (61). A total of
8,000 docked conformations was generated, and the 100 lowest-
energy models were selected for further analysis. Potential mu-
tations at residues, for which at least one ligand conformation
(from the top 100) was within 4 A, were modeled structurally, for
selection of mutations to destabilize the interactions between the
protein and the ‘882 ligand. Structural models were visualized
using the PyMOL software. Two types of mutations were se-
lected for experimental validation: (i) larger amino acid side
chains that could sterically hinder ligand binding but that could
be accommodated within the protein binding pocket, or (ii) Ala
mutations at residues that were found to have substantial ligand
interactions in the docking models.

Light Source and Photosensitivity Assays. A 395-nm wavelength
LED (M395L4; Thorlabs) was mounted 4.5 cm above the sample
and collimated using a collimation lens (ACP2520-A; Thorlabs).
The diode was powered by a T-cube LED driver (LEDD1B
M00325270; Thorlabs) producing 179 mW at the sample with a
circular spot size 1 cm in diameter coverlng an area of 0.785 cm?
with an irradiance of 227.9 mW/cm? with an exposure time of
5-6 min. All light-killing experiments were performed on 3 sepa-
rate days and averaged.

Overnight cultures of S. aureus, S. epidermidis, S. lugdunensis,
or B. anthracis were subcultured 1:50 into TSB and either 50 pM
882, 4 mM &-aminolevulinic acid hydrochloride (ALA) (Fron-
tier Biosciences), or a combination of the two. Cultures were
grown for 3 h to reach exponential phase of growth. Cell pellets
were washed once with ice-cold PBS at two times the original
culture volume, centrifuged, and resuspended in the original
culture volume with ice-cold PBS. Cells were diluted 1:10 into
ice-cold PBS. Twenty-five microliters were transferred into a
black 96-well Elate with flat, clear bottom and exposed to light to
0 or 68 J/cm~. The bacteria were serially diluted, plated, and
CFUs were counted after 20 h of growth on LB agar.

A 5-d anaerobic culture of P. acnes in BHI was removed from
the anaerobic chamber (Coy) and subcultured 1:100 into BHI
with either 50 uM ‘882, 4 mM §-aminolevulinic acid hydrochlo-
ride (Frontier Biosciences), or a combination of the two. The
culture was grown for 24 h under anaerobic conditions. The
culture was then removed from the anaerobic chamber, washed
once with ice-cold PBS, and diluted 1:10 into PBS. Twenty-five
microliters were transferred 1nto a flat-bottom 96-well plate and
exposed to light to 0 or 68 J/em?. The bacteria were serially di-
luted and plated, and CFUs were counted after 5 d of growth on
BHI agar. Data are represented as mean + SEM.

Superficial Skin Infection. All mice were maintained in compliance
with Vanderbilt’s Institutional Animal Care and Use Committee
regulations. Animals were infected as previously described using
a tape-stripping model of infection (21). Six- to 8-wk-old female
BALB/cJ mice were used for both S. aureus and P. acnes infec-
tions. Briefly, cultures of S. aureus USA300 LAC and P. acnes
were grown overnight and subcultured as described for the
in vitro photosensitivity assays 1nclud1ng pretreatment with
‘882 and ALA. Approximately 1 x 107 log-phase CFUs were
inoculated in 5 pL of PBS directly onto the surface of the fresh
wound. Following infection, the mouse was transferred to a nose
cone under continuous isoflurane anesthesia and the wound was
exposed to the 395 nm LED for 6 min delivering a total energy
dose of ~82 J/em?. Control mice were either left untreated or
were administered a dose of mupirocin ointment 2% (TARO
Pharmaceuticals) with a sterile-cotton tipped applicator. Eight
hours postinfection, groups of mice were treated with 20 pL of
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1 mM ‘882 in 2% Tween 80 in PBS, 20% ALA and 1 mM ‘882 in
2% Tween 80 PBS, 2% Tween 80 PBS vehicle alone, or a second
dose of mupirocin ointment. Two to 3 h after application of
compounds, groups of mice were challenged with a second dose
of light or left untreated for a total dose of 164 J/cm?. Upon
completion of the second dose of light treatment, skin samples
containing the wound were homogenized using a Bullet Blender
(Next Advanced) according to the manufacturer’s instructions.
The homogenate was serially diluted and plated. Data are rep-
resented as mean + SEM. A one-way ANOVA with Dunn’s
multiple-comparisons test was performed to determine signifi-
cance (GraphPad).

Histological Examinations. Sections of skin were excised after the
mice were killed, and then placed in 10% Neutral Buffered
Formalin. Fixed tissues were then processed routinely by de-
hydration and embedded in paraffin. Five-micrometer sections
were trimmed and placed on charged slides for staining with
H&E. Skin sections were evaluated for inflammation, presence
of neutrophils, mononuclear leukocytes, and bacteria using a
previously described semiquantitative scoring system (21).

SI Chemical Synthesis

General Procedures. All nonaqueous reactions were performed in
flame-dried flasks under an atmosphere of argon. Stainless-steel
syringes were used to transfer air- and moisture-sensitive liquids.
Reaction temperatures were controlled using a thermocouple
thermometer and analog hotplate stirrer. Reactions were con-
ducted at room temperature (~23 °C), unless otherwise noted.
Flash column chromatography was conducted using silica gel
230-400 mesh. Analytical TLC was performed on E. Merck silica
gel 60 F254 plates and visualized using UV and iodine stain.

Materials. All solvents and chemicals were purchased from Sigma-
Aldrich, unless otherwise noted. Dichloromethane (DCM) and
tetrahydrofuran (THF) were used as received in a bottle with a
SureSeal. Triethylamine was distilled from calcium hydride and
stored over KOH. Deuterated solvents were purchased from
Cambridge Isotope Laboratories. Trimethylsilylacetylene was
purchased from Oakwood Chemicals. S1 and S3 were prepared
using previously described procedures (62, 63). Biotin azide
(PEG4 carboxamide-6-azidohexanyl biotin) was prepared by the
Vanderbilt Institute of Chemical Biology chemical synthesis
core. The preparation and characterization of ‘882 derivatives
presented in Table 1 have been previously described (15).

Instrumentation. "H NMR spectra were recorded on Bruker 400-
or 600-MHz spectrometers and are reported relative to deuter-
ated solvent signals. Data for '"H NMR spectra are reported as
follows: chemical shift (8 ppm), multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br =
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broad, app = apparent), coupling constants (in hertz), and in-
tegration. >*C NMR spectra were recorded on Bruker 100- or
150-MHz spectrometers and are reported relative to deuterated
solvent signals. ’F NMR were recorded on a Bruker 376-MHz
spectrometer. Low-resolution mass spectrometry (LRMS) was con-
ducted and recorded on an Agilent Technologies 6130 Quadrupole
instrument.

S| Experimental Procedures
OH O

Pz

T™MS ~ s2 1-(2-Hydroxy-4-((trimethylsilyl)ethynyl)phenyl)
ethanone (S2). To a stirred solution of 4-bromo-2-hydroxy-
acetophenone (S1) (220 mg, 1.02 mmol) in tetrahydrofuran (4 mL)
was added triethylamine (284 pL, 2.04 mmol), bis(triphenylphos-
phine)palladium dichloride (36.0 mg, 0.051 mmol), copper(I) io-
dide (9.7 mg, 0.051 mmol), and trimethylsilylacetylene (216 pL,
1.53 mmol). The mixture was stirred overnight at room temper-
ature under an atmosphere of argon until judged complete by
TLC. The reaction was filtered through Celite, concentrated, and
purified by flash chromatography to provide 208 mg (88%) of S2
as white crystals. "H NMR (400 MHz, CDCl3) & 7.64 (d, J = 8.24 Hz,
1H), 7.85 (d, J = 1.40 Hz, 1H), 6.96 (dd, J = 8.24 Hz, ] = 1.52 Hz,
1H), 2.61 (s, 3H), 0.23 (s, 9H); *C NMR (100 MHz, CDCl3)
8 204.0, 162.1, 131.2, 130.6, 122.5, 121.7, 119.5, 103.7, 98.8,
26.8, —0.1; LRMS calculated for Cy3H;,0,Si" (M+H)* m/z:
233.1, measured 233.2.

o)
0 O
FsC
N\‘
N
=
™S sS4 2-Acetyl-5-((trimethylsilyl)ethynyl)phenyl 4-(3-

(trifluoromethyl)-3H-diazirin-3-yl)benzoate (S4). To a stirred solu-
tion of phenol S2 (82.0 mg, 0.355 mmol) dissolved in dichloro-
methane (1 mL) was added triethylamine (54 pL, 0.390 mmol),
one crystal of 4-dimethylaminopyridine, and benzoyl chloride
$3? (97.0 mg, 0.390 mmol) dissolved in dichloromethane
(0.5 mL). The reaction was stirred at room temperature for 1 h
until judged complete by TLC analysis. The reaction was diluted
with dichloromethane (20 mL), washed with saturated NaHCO3,
brine, dried (MgSO,), and concentrated to provide 138 mg
(86%) of benzoate S4. "H NMR (400 MHz, CDCl3) § 8.21 (dt, J =
8.60 Hz, J = 1.80 Hz, 2H), 7.80 (d, J = 8.08 Hz, 1H), 7.44 (dd, J =
8.08 Hz, J = 1.52 Hz, 1H), 7.35-7.31 (m, 3H), 2.51 (s, 3H), 0.25
(s, 9H); "’F NMR (376 MHz, CDCl3) & -67.9.
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Fig. S1. Gram-positive bacteria cause the majority of skin and soft tissue infections (SSTIs), resulting in the most common reason for clinic visits in the United
States. Recently, it was discovered that Gram-positive pathogens use a unique heme biosynthesis pathway, which implicates this pathway as a target for
development of antibacterial therapies. We report here the identification of a small-molecule activator of coproporphyrinogen oxidase (CgoX) from Gram-
positive bacteria, an enzyme essential for heme biosynthesis. Activation of CgoX induces accumulation of coproporphyrin Ill and leads to photosensitization of
Gram-positive pathogens. In combination with light, CgoX activation reduces bacterial burden in murine models of SSTI. Thus, small-molecule activation of
CgoX represents an effective strategy for the development of light-based antimicrobial therapies.
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Fig. S2. ‘882 does not affect early heme biosynthesis. Porphobilinogen (PBG) was quantified to determine ‘882-induced effects on early heme biosynthesis
intermediates. No effect on PBG was seen.
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'882 induces accumulation of CPIIl. HPLC fractions containing either the CPIll standard (A) or the corresponding fraction from ‘882-treated WT cells (B)

were analyzed by LC-MS/MS. MS/MS fragmentation of the peak at m/z 654.340, the mass of CPIIl, is shown. The MS/MS fragmentation of this peak in both
samples is nearly identical and consistent with expected major fragments, positively identifying the peak within these fractions as CPIII.
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Fig. S4. Characterization of CgoX activity from Gram-positive bacteria and HemY from H. sapiens. (A-D) Activities of recombinant CgoX from S. aureus (WT,
T183K, N186Y, N186F), B. subtilis, P. acnes, and H. sapiens HemY with varying concentrations of coproporphyrinogen Il (CPGIII) for Gram-positive CgoX and

protoporphyrinogen IX (PPGIX) for H. sapiens HemY to determine K, and Viax.
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Fig. S5. Purity of CgoX or HemY used in biochemical assays. After purification, each protein was analyzed by SDS/PAGE to verify purity.
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Table S1. Bacterial strains

Bacterial strain Description Source
Wild type S. aureus strain Newman Ref. 64
Wild type S. aureus strain USA300
Wild type S. aureus strain USA500
Wild type S. aureus strain RN6390
AhrtB In-frame deletion of hrtB in Newman background Ref. 65
RN4220 S. aureus cloning intermediate Ref. 66
hrtAB::relE S. aureus strain Newman expressing two copies of relE at the hrtAB locus This study
CgoX.T183K S. aureus strain Newman harboring a T183K mutation in CgoX This study
ACgoX S. aureus strain Newman harboring a transposon interrupting CgoX expression This study
AhssRS In-frame deletion of hssRS in Newman background Ref. 67
S. epidermidis Strain NRS6 BEI
S. haemolyticus HIP05979 (NRS9) BEI
S. lugdunensis Timothy Foster
B. anthracis Strain Sterne Ref. 68
P. acnes ATCC 6919 ATCC

Table S2. Expression constructs

Protein Expression vector Source

Wild-type S. aureus CgoX pET15b This study

T183K S. aureus CgoX pET15b This study

N186F S. aureus CgoX pET15b This study

N186Y S. aureus CgoX pET15b This study

Y171A S. aureus CgoX pET15b This study

DA450Y S. aureus CgoX pET15b This study

F187W S. aureus CgoX pET15b This study

F184A S. aureus CgoX pET15b This study

M167F S. aureus CgoX pET15b This study

V146M S. aureus CgoX pET15b This study

B. subtilis CgoX pTrcHisA Ref. 33

H. sapiens HemY pTrcHisB Ref. 2

P. acnes CgoX pTrcHisA Ref. 69

Table S3. Plasmids

Plasmid Ref.

phrt.XylE 12

PKORI 52
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Table S4. Primers

Primer name

Sequence

SA_cgoX_T183K_T
SA_cgoX_T183K_B

N186Y_T_NWMN1723
N186Y_B_NWMN1723
N186F_T_NWMN1723
N186F_B_NWMN1723

SA_Y171A_T
SA_Y171A_B
SA_D450Y_T
SA_D450Y_B
SA_F187W_T
SA_F187W_B
SA_F184A T
SA_F184A B
SA_M167F_T
SA_M167F_B
SA_V146M_T
SA_V146M_B
MS001
MS001b
MS019

MS020

MS006
MS006b
MS023

MS024
pet15_cgoXF1
pet15_cgoXF2
pet15_cgoXR
pKOR1_cgoX_FattB
pKOR1_cgoX_RattB

AGTTTGATGAGTACGTTTCCTAATTTTAAAG
CTTTAAAATTAGGAAACGTACTCATCAAACT
GTTTGATGAGTACGTTTCCTTATTTTAAAGAAAAAGAAGAGGC
GCCTCTTCTTTTTCTTTAAAATAAGGAAACGTACTCATCAAAC
GTTTGATGAGTACGTTTCCTTTTTTTAAAGAAAAAGAAGAGGC
GCCTCTTCTTTTTCTTTAAAAAAAGGAAACGTACTCATCAAAC
CCTTTAATGGGTGGTATTGCTGGTACCGATATTG
CAATATCGGTACCAGCAATACCACCCATTAAAGG
GCGGTTGGACTACCTTATTGTATTACGCAAGG
CCTTGCGTAATACAATAAGGTAGTCCAACCGC
GAGTACGTTTCCTAATTGGAAAGAAAAAGAAGAGGCATTCGG
CCGAATGCCTCTTCTTTTTCTTTCCAATTAGGAAACGTACTC
GTTTGATGAGTACGGCTCCTAATTTTAAAGAAAAAGAAGAGGC
GCCTCTTCTTTTTCTTTAAAATTAGGAGCCGTACTCATCAAAC
GAGAATTTAATAGAGCCTTTATTTGGTGGTATTTATGG
CCATAAATACCACCAAATAAAGGCTCTATTAAATTCTC
GGATGGTGACATTTCTATGGGTGCATTTTTCAGAGC
GCTCTGAAAAATGCACCCATAGAAATGTCACCATCC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGATTTGCTTAGGACGTGCTGC
GATTTGCTTAGGACGTGCTGC
GCGTCTTTACAAGCCACATATGGATTCACTTCTCCCTATTTCTTC
GGGAGAAGTGAATCCATATGTGGCTTGTAAAGACGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGGCCAACTTAAGCCAGG
GGCCAACTTAAGCCAGG
GCGGCGCATATGGCGTATTTTCTGGATTTTGACG
CGCCGCCATATGGCTTTGGTTCAGAGAATGCG
GCGGCAGCCATATGGTGACTAAATCAGTGGCTATTATAG
GCGGCAGCCATATGCTAGTGACTAARATCAGTGGCTATTATAG
GCTTTGTTAGCAGCCGTTACAACTCTGCGATTACTTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGTGACTAAATCAGTGGCTATTATAG
GGGGACCACTTTGTACAAGAAAGCTGGGTTTACAACTCTGCGATTACTTC
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